ADDITIONAL INDEX WORDS. Cannabis sativa, cannabidiol, CBD hemp, feminized seed SUMMARY. Interest in hemp (Cannabis sativa) for its medicinal compounds, cannabidiol (CBD), and D-9-tetrahydrocannabidiol (THC), continues to increase. Maximizing yield of CBD and/or THC requires female plants because female inflorescences accumulate significantly greater concentrations of these compounds than male inflorescences. Production of all female seed requires induction of female plants to develop male flowers that produce genetically female pollen. Growers would like access to feminized seed to produce all-female crops. We evaluated the efficacy of 0, 0.3, and 3 mM silver thiosulfate (STS) applied as a foliar spray (on three occasions 7 days apart) to produce male flowers on four strains of female hemp (having a THC concentration of £0.3%), designated CBD hemp A, CBD hemp B, CBD hemp C, and industrial hemp. Silver thiosulfate at 3 mM was the most efficacious treatment for all strains. The majority of inflorescences had 100% male flowers at 3 mM STS, and terminal inflorescences had ‡95% conversion to male flowers. Silver thiosulfate at 0.3 mM produced partial conversion to male flowers, whereas most inflorescences had around 50% male flowers, except for CBD hemp A, which demonstrated greater levels of masculinization. At 0.3 mM STS, terminal inflorescences of CBD hemp A had 91% conversion to male flowers. This study demonstrates that male flowers can be produced easily and consistently on female plants through application of foliar sprays of STS under short-day conditions.
M
edicinal interest in hemp is attributable to its production of unique terpenophenolic substances, called cannabinoids, which are concentrated in the glandular trichomes of the plant (Mechoulam, 1970; Potter, 2014) . More than 100 cannabinoids have been identified; however, the most abundant and medicinally important cannabinoids are CBD and THC (de Meijer et al., 2003) . Recently, interest in the medicinal effects of CBD has increased because, unlike THC, CBD is nonpsychoactive (Russo, 2011; Small, 2015) . In the United States, 25 states and the District of Columbia have enacted laws allowing the medicinal use of hemp, and another 17 states allow products that are high in CBD and low in THC (Mead, 2017) .
Hemp is an annual dioecious species with females containing homogametic chromosomes XX and males containing heterogametic chromosomes XY (Moliterni et al., 2004) . Male plants are taller, more slender, and have a shorter life cycle than female plants. Sex morphology in hemp is believed to be controlled by an X:autosome balance, where the ratio of X:A (autosomal) chromosomes determines sex by an X chromosome counting system, and the Y chromosome is inactive (Negrutiu et al., 2001; Parker, 1990; Shephard et al., 2000; Vyskot and Hobza, 2004) . Exogenous application of plant growth regulators can modify or reverse sex morphology in plants (Galoch, 1978) . In hemp, auxins, ethylene, and cytokinins promote the formation of female flowers on male plants; gibberellins promote the formation of male flowers on female plants (Galoch, 1978; Mohan Ram and Jaiswal, 1972; Thomas and Vince-Prue, 1997) . Mohan Ram and Sett (1982) induced the formation of male flowers on female hemp plants using silver nitrate and STS, which inhibit the action of ethylene.
Monoecious plants occur occasionally in hemp, and cultivars have been selected for use in the production of industrial hemp fiber and seed (Moliterni et al., 2004) . Industrial hemp is defined by the 2014 ''Farm Bill,'' Section 7606 of the Agricultural Act 2014 (7 USC 5904) as hemp having a THC concentration of £0.3% on a dry weight basis (Mead, 2017) . Monoecious hemp cultivars demonstrate greater seed yields and greater crop homogeneity, and are easier to harvest mechanically than dioecious plants (Hall et al., 2012) . Sex expression in monoecious hemp is not as well understood as for dioecious plants, but it is believed to be a heritable trait present on the X chromosome or autosomes (Faux et al., 2014) . It has also been suggested that the monoecious state originated from a small translocation from the Y chromosome, or by one or several mutated genes (Razumova et al., 2016) .
In the United States, at least 15 states have enacted legislation authorizing research and agricultural pilot programs related to industrial hemp (National Conference of State Legislatures, 2018) . Increased interest in CBD has led to increased cultivation of hemp, but because hemp has been selected for fiber and seed production, it is generally low in CBD content (2% to 4%) (Mead, 2017) . Therefore, the development of hemp cultivars with increased CBD content is a current breeding objective (Caplan et al., 2017; Soler et al., 2017) .
Female plants are preferred for cannabinoid production because females accumulate, predominantly in the inflorescences, significantly greater cannabinoid content than male plants (Small, 2015) . Rahn et al. (2016) and Soler et al. (2017) report that hemp growers are using hormones or chemicals like STS to make feminized seed, in which 100% of the seed is female. Mohan Ram and Sett (1982) plants, but their methods are not directly translatable to commercial applications. Male flowers induced on genetically female plants will produce pollen containing only X gametes, which when crossed with eggs from female plants result in all-female seed (Mohan Ram and Sett, 1982) . Foliar sprays of STS have been effective at blocking ethylene production and extending the flowering time for several different species of ornamental plants (Cameron and Reid, 1981, 1983) . Green (2015) describes using a single foliar spray of STS to produce feminized hemp seed. This method has been shared among growers online, but this information is not based on scientific research. There are no published reports about using foliar sprays of STS to produce feminized hemp seed. Therefore, the objective of this work was to evaluate the efficacy and rate of foliar sprays of STS for inducing male flowers and producing female seed for different strains of hemp.
Materials and methods
This study was conducted two times on three different strains of CBD hemp-strains A, B, and Cthat differed from one another in their branching density, stem color, and leaf size. One strain of industrial hemp was studied. In the first replication of this study, CBD hemp strains A and C, and the industrial hemp strain were used; in the second replication of this study, CBD strains B and C, and the industrial hemp strain were used. Plants used in the study were propagated vegetatively from female mother plants of each strain. The industrial hemp female mother plant was selected from a population of seedlings that were female, male, or monoecious.
Rooted cuttings were potted into 307-mL square containers filled with a peatmoss-based grower mix (Fafard 3B Grower Mix; Fafard, Agawam, MA) and top-dressed with controlled-release fertilizer (Osmocote Plus 15N-3.9P-10K 5-to 6-month formulation; Everris NA, Dublin, OH) at 2.5 g/container. Plants were allowed to grow and establish for %14 d in a greenhouse with set points of 21/17°C day/ night. Plants were provided long-day (16 h) conditions using natural daylight that was extended with 600-W high-pressure sodium (HPS) lamps (Phantom HPS 600W; Hydrofarm, Petaluma, CA). During this time, plants were hand fertigated using a soluble fertilizer (Peters 20N-8.7P-16.6K; Scotts, Marysville, OH) at 100 ppm nitrogen (N) at every irrigation (200 mL/container). Plants were %6 inches high with two shoots when foliar sprays of STS were initiated. Silver thiosulfate solutions (0.3 and 3 mM) were prepared by mixing silver nitrate with STS in a molar ratio of 1:4, per Cameron and Reid (1981) . Plants were sprayed to runoff (about 20 mL/plant) on three occasions, 7 d apart, beginning on 30 Apr. 2018 for the first replication and on 14 May 2018 for the second replication of this study. Control plants received sprays of water only. On 30 Apr. and 14 May, plants began receiving shortday conditions of %8 h using a blackout curtain to initiate the flowering stage. During the flowering stage, plants received a soluble fertilizer (Peters 15N-12.9P-12.5K, Scotts) at 100 ppm N as described previously.
The experiment was a randomized complete block design with two factors: three STS treatments and three strains, with three replicates for each factor combination. Each potted plant was an experimental unit. One week after the third and final STS spray, the number of male and female flowers per terminal inflorescence was counted for two terminal inflorescences per plant, which were averaged, and the percentage of male flowers per inflorescence was calculated for each plant. The degree of masculinization was evaluated using a visual rating. Each inflorescence per plant was rated for degree of masculinization using a scale of 1 to 5, where 1 represented 0% male flowers (allfemale inflorescence), 2 represented 1% to 30% male flowers (strongly female inflorescence), 3 represented 31% to 60% male flowers (about equivalent male and female flowers), 4 represented 61% to 99% male flowers (strongly male inflorescence), and 5 represented 100% male flowers (all-male inflorescence) (Fig. 1) . SAS software (version 9.2; SAS Institute, Cary, NC) was used for statistical analysis.
Analysis of variance using the PROC MIXED procedure indicated no significant difference between replications one and two of this study, so the data were combined. Differences between STS treatments within strain for the percentage of male flowers per terminal inflorescence were determined using multiple comparisons for proportions and Tukey's honestly significant difference test (Williams and LeBlanc, 1995) .
Results
Between 14 and 21 d after the first STS spray treatment, plants transitioned from first flowers to full flowering. Untreated control plants of all four hemp strains produced only female flowers, as expected (Fig. 2) . This result confirmed that our starting plants were genetically female and there was no induction of male flowers resulting from other factors. For all strains, the 0.3-mM STS treatment produced partial conversion to male inflorescences (Fig. 2) . At 0.3 mM STS, inflorescences were generally a mix of male and female flowers. CBD hemp A at 0.3 mM STS produced more inflorescences with high levels of masculinization than the other hemp strains. At 0.3 mM STS, CBD hemp B and C, and industrial hemp inflorescences ranged from 25% to 75% male flowers, centering around 50% male flowers per inflorescence. The most complete inflorescence conversion to male flowers occurred at 3 mM STS for all hemp strains. At 3 mM STS, the majority of inflorescences had 100% male flowers and the remaining inflorescences had 75% male flowers. In counting the actual number of male flowers per terminal inflorescence, 3 mM STS produced 100% conversion to male flowers for CBD hemp A and industrial hemp, and 97% and 95% for CBD hemp B and C, respectively (Table 1) . Depending on the hemp strain, STS at 0.3 mM converted between 42% and 91% female flowers to male flowers. CBD hemp A had the greatest rate of conversion to male flowers at 91% and industrial hemp had the lowest conversion rate at 42%.
Male flowers that developed on genetically female plants produced pollen. However, the pollen did not appear to be as copious or freely released as observed on true genetically male plants. Pollen from masculinized flowers from CBD hemp strain B was used to fertilize female flowers on CBD hemp strain C to document that this method could be used successfully to generate all female seed. The pollen produced seed, which were harvested, germinated, and exposed to short-day conditions, and their sex was confirmed to be female.
Discussion
Overall, STS at 3 mM was the most effective treatment for producing the greatest number of male flowers on female hemp plants. Green (2015) suggested that female hemp plants can be masculinized using a single foliar spray of 0.3 mM STS, but did not provide any information about the percent conversion to male flowers. We did not find three foliar sprays of 0.3 mM STS to be as effective for producing male flower formation as three foliar sprays of 3 mM STS. However, there may be specific strains, such as CBD hemp A, which produce primarily male flowers with STS concentrations less than 3mM.
Silver thiosulfate has been used to extend the vase life of cut flowers by blocking the effect of ethylene (Farnham et al., 1981; Veen and van de Geijn, 1978) . A similar action of ethylene blocking by STS is likely responsible for the production of male flowers on female hemp plants in our study. It is generally believed that ethylene blocking is extended when a series of sprays of Values are the percentages of inflorescences per plant that received each masculinization rating from 1 to 5, where 1 = 0% male flowers (all female inflorescence), 2 = 1% to 30% male flowers (strongly female inflorescence), 3 = 31% to 60% male flowers (about equivalent male and female flowers), 4 = 61% to 99% male flowers (strongly male inflorescence), and 5 = 100% male flowers (all male inflorescence). Vertical bars indicate ± SE.
STS is used compared with a single spray of STS (Reid et al., 1980) . It may be possible to induce male flowers on genetically female hemp using other ethylene perception inhibiting chemicals such as 1-methylcyclopropene.
Mohan Ram and Sett (1982) , using 25 to 100 mg STS applied directly to the growing shoot tip of female hemp plants, were able to produce male flowers. However, they also noted severe necrosis on young leaves covering shoot tips and suspended apical growth for 20 to 25 d before lateral budbreak and subsequent flower formation. In comparison, we did not observe any plant phytotoxicity or delay in flower development. Furthermore, we were able to achieve 95% to 100% conversion to male flowers for all hemp strains, whereas Mohan Ram and Sett (1982) reported %60% to 80% conversion.
Producers and breeders should be able to masculinize female hemp plants routinely by using short-day conditions of %8 h and three foliar sprays of 3 mM STS at weekly intervals. We suspect that this method will be applicable for a broad range of genetically diverse hemp genotypes. Pollen produced by male flowers on genetically female plants can be used to produce all-female seed, but growers and breeders should be aware that pollen output may be reduced compared with pollen output from genetically male plants.
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